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Effect  of  Heat  Treatment 
on  the  Microstructure  and  Properties 
of  AerMel®  100  Steel 

by  John  Harvey  Graves 
Abstract 

Results  from  mechanical,  ballistic,  and  stress  corrosion  cracking  experiments 
indicate  that  AerMet®  100  Steel  is  well  suited  tor  applications  that  require  both 
load-bearing  capability,  ballistic  tolerance,  and  resistance  to  stress  corrosion 
cracking.  For  applications  where  ballistic  tolerance  is  the  primary  design  crite¬ 
rion,  an  alternate  heat  trearment  of  AerMet®  100  produces  markedly  improved 
ballistic  performance  whiie  retaining  adequate  toughness  for  use  in  less  exact¬ 
ing  structural  applications.  The  findings  of  this  study  also  indicate  that  as  hard¬ 
ness  is  increased,  concomitant  increases  in  fracture  toughness  will  be  required 
to  advance  the  performance  capabilities  of  steels  used  for  ballistic  applica¬ 
tions  against  small  caliber  projectiles. 

The  stress  corrosion  cracking  resistance  of  standard  condition  AerMet®  100  as 
measured  using  a  cantilever  bend  apparatus  is  greater  than  conventional  high 
strength  steels  by  50%  to  100%.  However,  AerMet®  100  is  sensitive  to  ag  -ing 
temperature,  as  demonstrated  by  stress  corrosion  tests  on  specimens  processed 
using  an  alternate  heat  treatment.  The  impressive  combination  of  ballistic  tol¬ 
erance  and  stress  corrosion  resistance  found  in  AerMet®  100  make  it  ideally 
suited  for  use  in  demanding  structural  applications.  Moreover,  the  range  of 
properties  that  can  be  achieved  using  alternate  heat  treatments  provide  a 
degree  of  flexibility  not  found  in  other  high  strength  steels. 
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1 .0  Introduction 


The  most  desired  property  for  on  armor  material  is  high  hardness,  because  hard¬ 
ness  is  the  only  measurable  mechanical  property  that  consistently  correlates 
well  with  ballistic  performance.'  Increased  hardness  levels,  however,  can  re¬ 
sult  in  plate  shattering.  Thus,  for  structural  components  ttiat  require  ballistic 
tolerance,  the  material  used  must  also  possess  adequate  fracture  toughness, ^ 

For  many  years,  the  rmy  has  used  low  and  medium  carbon  alloy  steels  for 
applications  on  grour  vehicles  and  helicopters  that  require  ballistic  tolerance, 
A  component  is  bcl.i  ally  tolerant  when  it  can  continue  to  perform  its  func¬ 
tion  even  after  sustaining  impacts  from  kinetic  energy  penetrators  (bullets  and 
fragments).  Quenched  and  tenipered  (Q&T)  grades  such  as  AISI  4340  steel 
can  be  heat  treated  to  ultrahigh  strength  levels  while  retaining  toughness  ad¬ 
equate  for  use  in  ballistically  tolerant  components.^ 

Achieving  improved  ballistic  performance  requires  increasing  the  hardness  of 
quenched  and  tempered  steels.  Since  maximumi  attainable  hardness  is  a  func¬ 
tion  of  corbon  content,  the  primary  way  to  increase  hardness  would  be  to  move 
to  a  higher  carbon  alioy  steel.  Although  increasing  carbon- content  will  pro¬ 
duce  a  higher  hardness  steel,  fracture  toughness  diminishes  and  ballistic  tests 
reveal  a  greatei  propensity  towards  plate  shattering  beyond  carbon  levels  of 
approximately  0.40  to  0.50  weight  percent  (wt7o).  It  is  unlikely,  therefore,  that 
we  can  achieve  further  significant  itnprovements  in  the  ballistic  performance 
of  Q&T  steels.  Rather,  we  must  turn  our  attention  to  other  grades  of  steei. 

One  possibility  that  has  received  only  limited  attention  is  the  use  of  secondary 
hardening  steels  such  as  HY  180,  AF  1410,  and  AerMet©  lOJ.  These  secondary 
hardening  steels  derive  their  incremental  hardness  from  precipitated  carbides 
in  a  fine  lath  martensitic  microstructure.  The  hardness  of  some  precipitation 
hardening  grades  is  increased  further  through  addition  of  more  nickel  and  cobalt 
for  solid  solution  strengthening.  Cobalt  also  provides  recovery  resistance  and 
raises  the  Martensite  start  (Mp  temiperature  of  iron  based  alloys,  permitting  the 
addition  of  more  riickel.  Nickel  lowers  the  temperQiture  and  improves  cleav¬ 
age  resistance,  thus  enhancing  fracture  toughness. 
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2.0  Background 

Secondary  Hardening  Steels 

Secondary  hardening  steels  make  up  a  category  of  quenched  and  tempered 
martensitic  steels  that  derive  increased  hardness  from  carbide  precipitation 
during  stage  IV  tempering/  Stage  tV  tempering  takes  place  at  temperatures 
ranging  from  450°C  to  600°C  (850°F  to  1 100°F).  Above  450°C  (850°F),  substitu- 
tionai  diffusion  of  carbide  forming  elements  such  as  chromium,  vanadium,  and 
molybdenum  becomes  significant.  The  mean  diffusion  distance  of  carbide 
forming  elements  is  betv/een  20A  and  50A,  roughly  the  same  size  as  an  alloy 
carbide  nucleus.^  During  stage  IV  tempering,  cementite  (Fe3C)  dissolves,  giv¬ 
ing  way  to  precipitation  and  growth  of  finer  alloy  carbides.* 

Transformation  of  cementite  to  alloy  carbides  can  take  place  by  in-situ  trans¬ 
formation  or  separately  by  nucleation  and  growth.^  During  in-situ  transforma¬ 
tion,  alloy  carbides  nucleate  at  ferrite-cementite  interfaces  and  grow  until  the 
cementite  disappears.  Alternatively,  alloy  carbides  can  nucleate  heteroge¬ 
neously  within  the  ferrite  matrix  on  dislocations,  lath  boundaries,  and  prior  aus¬ 
tenite  grain  boundaries.  The  carbides  then  grow  as  the  cementite  dissolves. 

The  ability  of  alloy  carbides  to  increase  hardness  is  related  to  the  volume  frac¬ 
tion  of  carbides  and  the  fineness  of  the  alloy  carbide  dispersion,  The  volume 
fraction  of  precipitated  carbides  depends  on  the  solubility  of  the  carbide  form¬ 
ing  elements  in  the  austenite  matrix  prior  to  quenchirig.  The  fineness  of  the 
carbide  dispersion  depends  on  the  activation  barrier  for  heterogeneous  nucle¬ 
ation,  AG*:® 

AG*  =  -V  (AGv  -  AGs)  +  Ay  -  AGd  (  i ) 

where:  V  is  the  precipitate  volume 

AGv  is  the  chemical  driving  force  for  precipitation 
AGs  is  the  change  in  the  matiix-carbide  misfit  strain  energy 
A  Is  the  matrix-carbide  interfacial  area 
Y  is  the  Intertaclal  energy 

AGd  is  the  free  energy  released  by  the  destruction  of  a  defect 
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Because  the  enthalpy  of  fomnation’ ,  AH,  for  alloy  carbides  is  less  than  that  for 
cennentite,  there  is  a  thermodynamic  driving  force  that  favors  replacement  of 
M3C  carbides  with  MjC  carbides,  where  M  stands  for  an  appropriate  metailic 
eiement.  The  fact  that  the  M^C  carbides  are  an  order  of  magnitude  smaller 
than  the  M3C  carbides  leads  to  the  most  important  feature  of  this  class  of  steels, 
namely  that  concomitant  increases  in  fracture  toughness  and  hardness  are 
possible.  Although  strength  and  toughness  are  usually  mutually  exclusive  at¬ 
tributes,  the  class  of  secondary  hardening  steels  to  which  HY  180,  AF  1410,  and 
AerMet®  100  belong  can  achieve  high  levels  of  both  strength  and  toughne.ss 
through  microstructural  control.  High  strength  is  achieved  by  quenching  the 
austenite  phase  to  form  martensite  and  then  ageing  to  precipitate  M^C  car¬ 
bides  that  impede  dislocation  motion.  M^C  carbides  also  help  imiprove  frac¬ 
ture  toughness  because  they  precipitate  at  the  expense  of  M3C  carbides  that 
reduce  fracture  toughness  by  embrittling  grain  boundaries. 

Three  commercially  important  secondary  hardening  steels,  HY  180,  AF  1410, 
and  AerMet®  100  have  been  awarded  U.S.  Patents.”  Table  1  provides 
information  on  the  typical  mechanicai  properties  for  HY  180,  AF  1410,  and 
AerMet®  100.  Tables  2a  and  2b  provide  information  on  the  chemistry  range 
and  typical  compositions  for  these  steels.  When  processed  using  the  standard 
heat  treatment,  the  hardness  of  AerMet®  100  is  equivalent  to  that  of  4340  with 
a  typical  fracture  toughness  of  more  than  twice  that  of  4340,''*  Since  the  stan- 

Table  1 :  Properties  of  Three  Secondary  Hardening  Steels. 


Stoel 

HY  180 

AF  1410 

AerMeX®  100 

US  Potent  Number 

3,502,462 

4.076.525 

5,087,415 

Patent  Issue  Dote 

March  24, 
1970 

February  28, 
1978 

February  1 1 , 
1992 

Fracture  Toughness  ,  MPaVm  (ksiVin) 

203(185) 

165(150) 

132(120) 

Hordness  (HRC) 

43 

49 

53 

Uitlmots  Tensile  Strength,  MPa  (ksi) 

1410(205) 

1725(250) 

1965  (285) 

0,2%  Yield  strength,  MPa  (ksl) 

1240(180) 

1550  (225) 

1725(250) 

Charpy  Impact  Energy,  Joule  (ftolb) 

81  (60) 

88  (65) 

40  (30) 
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Table  2a:  Composition  Ranges  of  Three  Secondary  Hardening  Steels. 


steel 

Element  (wt7o) 

HY  180 

AF  1410 

AerMer*"  100 

carbon 

0.06-0.16 

0.12-0.17 

0.21  -0.27 

chromium 

0.50-2.00 

1.80  -3.20 

2,50-3.30 

nickel 

9.50-14.0 

9.50-10.50 

11.0-12.0 

cobalt 

6.00-10.0 

11.5-  14.5 

11.0-14.0 

molybdenum 

0.70-1.50 

0.90-  1.35 

1.00-1.30 

Iron 

balance 

balance 

balar-.ce 

Table  2b:  Typical  Alloy  Chemistry  of  Three  Secondary  Hardening  Steels, 


Steel 

Elem.ent  (wt%) 

HY  180 

AF  1410 

AerMet^*^  100 

carbon 

0.1 

0.16 

0.24 

chromium 

2 

2 

3.1 

nickel 

10 

10 

11 

cobalt 

8 

14 

13,5 

molybdenum 

1 

1 

1,15 

iron 

balance 

balance 

balance 

dard  heat  treatment  for  AerMet®  100  is  not  the  peak  hardened  condition  but 
rather  an  overaged  condition,  it  should  be  possible  to  alter  the  heat  treatment 
to  increase  hare  ress  while  retaining  adequate  fracture  toughness  for  use  as  an 
armor  material.  As  used  in  this  thesis,  "adequate"  fracture  toughness  means 
equal  to  or  greater  than  55  MPaVm  (50  ksiVin) — the  average  toughness  of  4340 
used  for  ballistic  applications.  The  opportunity  to  increase  hardness  without 
compromising  fracture  toughness  is  the  reason  AerMet®  100  was  chosen  for 
use  in  this  study. 

High  Yield  180 

HY  180  Steel  was  developed  for  applications  such  as  pressure  vessels  and  sub¬ 
marine  hulls  requiring  high  yield  strength,  good  notch  toughness  and  weldability. 
The  steel's  composition  permits  its  use  both  in  wrought  form  and  as  a  tiller  metal 
for  welding.  The  carbon  content  of  this  steel  is  sufficient  to  promote  secondary 
hardening  but  still  low  enough  to  prevent  v/eld  crocks  from  forming  in  the  heat 
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affected  zone,  Speich  researched  the  physical  metallurgy  of  HY  1 80  Steel  and 
established  that  strength  and  toughness  of  these  steels  could  be  simultaneously 
increased  through  dissolution  of  M3C  carbides  and  the  precipitation  of  M^C 
carbides.'^  This  research  laid  the  foundation  for  the  development  of  AF  1410  in 
the  mid  seventies  and  AerMeKs)  100  in  the  late  eighties, 

Air  Force  14  Cobalt  -  10  Nickel  (AF  1410) 

AF  1410  v/as  provides  strength  levels  significantly  greater  than  HY  180  while  .-'e' 
taining  high  fracture  toughness  and  corrosion  resistance,  /^'+hougn  AF  1410 
has  a  carbon  level  of  0.16  wt%,  welding  the  alloy  is  still  possible  using  conven¬ 
tional  arc  welding  practices.  The  patent  for  \F  1410  claims  stress  corrosion 
cracking  resistance  of  66  MPaVm  (60  ksiv'in)  after  1000  hours  in  3,5%  sodium 
chloride  solution.  The  application  of  vacuum  processing  to  reduce  impurity 
elements  is  essential  to  develop  the  properties  listed  in  Table  1 . 

AerMet®  1 00 

Carpenter  Technology  Corporotion  developed  AerMet®  1 00  to  achieve  strength 
levels  commensurate  with  300M  Steel  while  providing  fracture  toughness  greater 
than  1 10  MPaVrn  (100  ksivin).  The  designation  "100"  in  AerMet®  100  stands  for 
a  fracture  toughness  of  100  ksiVin  (1 10  MPaVm).  The  patent  for  AerMet®  100 
specifies  double  vacuum  processing  and  reduction  of  impurity  elements  to 
extremely  low  levels.  In  addition  the  presence  of  silicon  and  manganese,  both 
of  which  are  present  in  HY  180  and  AF  1410  are  reduced  to  levels  less  than  0.01 
wt%.  AerMet®  100  also  includes  rare  earth  odditions  such  as  lanthanum  or 
cerium.  The  rare  eartti  elements  getter  undesirable  elements  such  as  phospho¬ 
rous  and  sulfur,  thus  preventing  these  elements  from  embrittling  grain  bound¬ 
aries.  The  rare  earth  compounds  also  serve  as  a  grain  refining  dispersion, 

Allovirra  Elements 

Selection  of  the  type  and  quantih/  of  ailoyirig  elements  for  use  in  secondary 
hardening  steels  has  been  the  subject  of  considerable  research.  The  following 
discussion  Identifies  the  primary  alloying  elements  in  HY  180,  AF  1410  and 
AerMet®  100  Steels. 
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Carbon 


Carbon  is  responsible  for  hardeninp  through  carbide  precipitation  and  intersti- 
tiol  solid-solution  strengthening,  In  general,  alloy  strength  increases  with  increas¬ 
ing  carbon  content,  while  fracture  toughness  decreases  with  increasing  carbon 
content.’®  The  optimum  carbon  addition  in  a  secondary  hardening  steel  is 
sufficient  to  balance  the  addition  of  carbide  forming  elements.  Adding  more 
carbon  will  have  a  deleterious  impact  on  fracture  toughness,  while  too  little 
carbon  v/ill  not  result  in  an  optimal  combination  of  strength  and  toughness. 

Nickei 

Nickel  has  three  primary  effects  on  precipitation  hardening  steels.  As  a  sub¬ 
stitutional  elemient,  nickel  promotes  increased  hardness  through  the  formation 
of  a  lath  martensitic  microstructure.  Nickel  lowers  the  temperature,  thereby 
increasing  the  amount  of  retained  austenite.  Nickel  also  lowers  the  nil  ductility 
temperature,  resulting  in  ductile  fracture  at  room  temperatuie,  even  for  high 
strength  levels.’® 

Cobalt 

Cobalt  increases  the  M^temiperature,  refines  the  marterisitic  structure,  and  pro¬ 
motes  retention  of  the  dislocation  substructure  at  higher  tempering  tempera¬ 
tures.  The  higher  dislocation  density  is  important  because  more  sites  are  avail¬ 
able  for  carbide  precipitation,  resulting  in  a  finer  distribution  of  precipitates. 
The  combinalon  of  cobalt  and  nickei  provides  the  basis  for  exploitation  of  pre¬ 
cipitation  hardening  in  these  steels,  Without  nickel,  this  class  of  alloy  v/ould  not 
have  adequate  toughness.  Without  cobalt,  the  high  nickel  content  would  lead 
to  unacceptable  levels  of  retained  austenite  on  quenching. 

Molybdenum 

Molybdenum  is  o  strong  carbide  former  and  helps  increase  peak  hardness. 
The  strength  increase  results  from  the  formation  of  Mo,C  in  the  steel. 
Molybdenum  is  always  added  to  secondary  hardening  steels  in  combination 
with  chromium.  Without  the  addition  of  molybdenum  little  or  no  secondary 
hardening  takes  place. 
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Chromium 


Although  ctiromium  also  forms  alloy  carbides,  in  the  presence  of  molybdenum, 
chromium  goes  into  solution  in  the  MOjC  carbide.  Chromium  also  shifts  the 
secondary  hardening  peak  to  low''' temperatures  and  to  higher  hardness  val¬ 
ues  than  would  be  possible  with  only  molybdenum  additions,' 

Rare  Forth  Additions 

Rare  earth  elements  such  as  lanthanum  and  cerium  are  added  to  AF  1410  and 
AerMet®  100  to  form  compounds  with  impurity  elements,  The  Group  VI  ele¬ 
ments  such  as  phosphorous  and  sulfur  have  a  particularly  deleterious  effect  on 
grain  boundary  cohesion  even  at  concentrations  below  100  parts  per  million 
(ppm),''^  Lanthanum  and  cerium  are  usually  selected  to  getter  impurity  ele¬ 
ments  because  they  have  the  lowest  free  energy  of  formation.'^  Compounds 
of  rare  earth  and  impurity  elements  can  also  provide  a  grain  refining  dispersion 
that  is  stable  at  solution  treatment  temperatures  approaching  1 1 1  O^’C  ( 1 850°F). '  ^ 

Stress  Corrosion  Cracking 

The  use  of  ultrahigh  strength  steels  in  demanding  structural  applications  is  often 
accompanied  by  service  failures  attributed  to  stress  corrosion  cracking.  The 
mechanism  associated  with  these  failures  is  hydrogen  embrittlement,  defined 
in  this  thesis  as  cathodic  charging  at  a  crack  or  other  flaw.  Aircraft  compo¬ 
nents  such  as  pitch  links,  main  rotor  retention  nut,  and  mixer  pivot  support  have 
been  the  subjec+s  of  failure  analyses.'® These  in-service  failures  are  a  pri- 
miary  motivation  for  the  ongoing  development  of  ultrahigh  strength  steels  with 
high  fracture  toughness.  As  higher  levels  of  fracture  toughness  are  realized,  the 
criiical  flaw  size  to  produce  failure  in  ultrahigti  strength  steel  components  is 
increased.  Additionally,  slower  crack  growth  rates  ate  generally  associated 
with  higher  toughness  steel,  so  that  inspection  intervals  can  be  extended  or 
inspection  reliability  improved.  For  these  reasons,  analysis  of  stress  corrosion 
cracking  resistance  should  accompany  development  of  a  new  ultrahigh 
strength  steel. 

Unlike  most  mechanical  property  tests,  there  is  no  standardized  proceduro  to 
measure  the  threshold  stress  intensity  for  stress  corrosion  cracking  of  metallic 
materials,  ASTM  Committee  E-24  is  presently  developing  a  standard  for  deter- 
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mining  the  threshold  stress  intensity  factor  for  environment-ossisted  cracking  of 
metallic  materials  under  constant  load.  In  its  current  form,  the  draft  standard 
relies  heavily  on  existing  techniques  for  plane-strain  fracture  toughness  testing 
and  a  substantial  body  of  literature  on  stress  corrosion  cracking  dating  to  the 
1960s, 

Brown  introduced  the  concept  of  threshold  stress  intensity  factor  for  stress  cor¬ 
rosion  cracking  using  precracked  cantilever  beam  tests,^'  The  threshold  stress 
intensity  for  stress  corrosion  cracking  of  a  particular  material-environment  sys¬ 
tem,  denoted  is  the  stress  intensity  below  which  subcritical  crack  exten¬ 
sion  does  not  occur  under  a  static  load.  The  three  prerequisites  for  stress  corro¬ 
sion  cracking  are:  1)  an  aggressive  environment;  2)  a  susceptible  material;  3) 
an  applied  load.  Although  the  cantilever  beam  test  has  been  used  widely  to 
determine  values  for  numerous  materials,  the  absence  of  a  governing  stan¬ 
dard  has  been  problematic. 


For  example,  no  two  laboratories  use  precisely  the  same  test  fixture  to  perform 
their  experiments,  Moreover,  dirferent  specimen  geometries  have  resulted  in 
different  time  to  failure  curx'es  for  the  same  material  tested  at  different  facili¬ 


ties,  One  of  the  difiicuities  in  establishing  a  /olue  for  under  these  condi¬ 
tions  is  determining  how  iong  to  wait  before  terminating  a  test,  As  will  be  shown 
later  in  this  thesis,  the  selection  of  an  arbitrary  test  duration  time  such  as  1000 


hours  can  lead  to  significant  ov  3rstatement  of  the  actual  value  for 
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3.0  Research  Program 


The  research  program  described  in  this  thesis  was  established  to  determine 
relationships  between  the  processing,  microstructure,  and  properties  of  AerMeTS) 
100  Steel.  The  primary  objective  was  to  determine  the  maximum  hardness  ca¬ 
pability  of  AerMet®  100  and  then  proceed  to  determine  the  alloy's  ballistic 
and  mechanical  properties  wher-.  peak  hardened.  The  processing  variables 
considered  in  this  study  include  solution  treatment  temperature,  quci  iching 
parameters,  cryogenic  treatment,  and  ageing  treatments,  Earlier  work  on  the 
physical  metallurgy  of  the  family  of  steels  to  which  AerMet®  1 00  belongs  estab¬ 
lished  the  morphology  of  the  particles  responsible  for  secondary  hardening,*^^ 
The  properties  evaluated  for  this  study  include  strength,  fracture  toughness, 
impact  energy,  stress  corrosion  cracking  resistance,  and  ballistic  tolerance. 

The  experimental  approach  involved  development  of  processing  curves  show¬ 
ing  hardness  as  a  function  of  so'ution  treatment  temperatures  and  hardness  as 
a  function  of  time  for  two  ageing  temperatures.  Hardness  was  the  variable 
selected  for  optimization  because  it  generally  correlates  with  ballistic  perfor¬ 
mance.  On  the  basis  of  mechanical  property  data  and  knov/.e  dge  of  AerMet® 
lOO's  physical  metallurgy,  four  heattreotmenisror  ballistic  plates  were  selected. 
Coupled  with  published  data  on  shear  instability,  the  results  of  ballistic  testing 
provide  information  on  the  influence  of  small  scale  microstructurai  features  on 
high  strain  rate  phenomena  and  their  underlying  deformation  mechanisms.^^ 
Stress  corrosion  cracking  tests  were  also  conducted  in  3,5  wt%  sodium  chloride 
solution  to  determine  AerMet®  lOO's  susceptibility  to  an  aggressive  environ¬ 
ment. 
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4.0  Experimental  Procedures 

Material  and  Processing 

The  Materials  Directorate  of  the  U.S,  Army  Research  Laboratory  (ARL*MD)  pur¬ 
chased  the  AerMet®  IOC  alloy  (bar  stock  and  plates)  used  for  this  study  from 
Carpenter  Technology  Corporation  (CarTec).24  CcrTec  supplied  ARL«MD  with 
material  from  Heat  Number  89557.  Chemical  analysis  of  Heat  89557  is  displayed 
in  Table  3.  Table  4  shows  the  chemical  composition  required  by  Aerospace 
Material  Specification  (AMS)  6532.  Comparison  of  the  AMS  requirements  with 
the  material  used  for  this  study  indicate  that  Heat  89557  was  of  high  pedigree. 

The  alloy  was  double  vacuum  melted,  first  as  a  61  cm  (24  inch)  diameter  vacuum 
induction  melted  (VIM)  electrode,  second  as  a  76  cm  (30  inch)  diameter 
vacuum  arc  remelted  (VAR)  ingot.  Before  VAR,  electrodes  were  stress  relieved 
at  677°C  (1250°F)  for  4  to  16  hours  and  air  cooled.  After  VAR,  the  material  was 
tiomogenized  at  2150°F  for  6  to  10  hours.  The  ingot  was  bloomed  to  a  cross 
section  of  1 2.7  cm  by  1 27  cm  (5  inch  by  50  inch)  and  the  plate  was  cross-rolled 
to  final  thickness.  After  rolling.  CarTec  overage-annealed  the  plates  at  677°C 
( 1 250°F)  for  1 6  hours  io  a  hardness  of  39  Rockwell  C  (HRC).  Samples  measuring 
30.5  cm  (12  inches)  square  were  then  cut  from  the  piates,  The  mechanical 
properties  certified  by  CarTec  are  included  in  Table  5.  All  of  the  certified  prop¬ 
erties  match  typicol  values  for  the  alloy  with  the  exception  of  ultimate  tensile 
strength,  which  is  approximately  70  MPa  (10  ksi)  lower  than  expected. 

Development  of  Ageing  Curves 

The  first  experimental  task  was  to  identify  heat  treatment  parameters  including 
solution  (austenitizing)  temperature,  ageing  time,  and  ageing  temperature,  For 

Tabie  3:  Chemical  Analysis  of  AerMet®  100  Heat  89557  by  Weight  Percent, 


c 

0.24 

P 

0.003 

A) 

0.009 

Co 

13.4 

5 

0.001 

O 

<0.001 

Ni 

11.07 

Mn 

0.01 

N 

<0.001 

Cr 

3.09 

Si 

0.01 

■Si 

0.004 

Mo 

1.17 

n 

0.012 
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Table  4:  AerMet®  100  Chemistry  Requirements  from  AMS  Specification  6532. 


c 

0.21  -0.25 

P  (max.) 

0.008 

Al  (max.) 

0.015 

Co 

13-14 

S  (max.) 

0.005 

o 

<0.002 

Ni 

11-12 

Mn  (max.) 

0.1 

N 

<0.015 

Cr 

2.9  -  3.3 

0.1 

0.01 

Mo 

1 

1.1  -1.3 

Ti  (max.) 

0.015 

Table  5:  Manufacturer's  Certified  Properties  for  Heat  89557. 


Yield  Strength  (0.20%) 

1745  MPa  (253  ksi) 

Tensile  Strength 

1900  MPa  (276  ksi) 

Elongation 

13%  in  5. 1  cm  (2  inch) 

Hardness 

52  HRC 

the  solution  treatment  and  ageing  treatment  studies,  we  sectioned  pieces 
measuring  approximately  1 .3  cm,  (0.5  inch)  cubed  from  the  bar  stock  measur¬ 
ing  12.7  cm  wide  by  5.1  cm  tall  by  46  cm  long  (5  inches  by  2  inches  by  18 
inches).  The  orientation  of  each  cube  relative  to  the  parent  stock  was  marked 
on  each  face. 

The  specimens  used  for  the  solution  treatment  study  were  all  heat  treated  in  air 
for  one  hour  at  temperatures  ranging  from  330°C  (1525”F)  to  1080°C  (1975'^F) 
and  air  cooled.  Upon  arrival  at  room  temperature,  the  specimens  were  cut  in 
half  using  a  Buehler  Isocut  Plus  cutoff  saw  equipped  with  a  type  1 1-4207  blade 
rotating  at  3500  rpm  under  an  applied  load  of  250  grams  with  circulating  cool¬ 
ant.  After  sec  Honing,  the  outside  face  opposite  the  cut  face  was  ground  to 
remove  decarburization  and  scale.  Rockwell  C  measurements  were  then  taken 
on  the  cut  face  of  each  specimen  according  to  American  Society  for  Testing 
and  Materials  (ASTM)  Standard  E- 18.25  /\\  |0Qst  eight  measurements  were  taken 
on  each  specimen.  These  data  provided  the  one  hour  solution  treatment  tem¬ 
perature  that  produced  the  maximum  as-cooled  hardness. 
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Next,  we  determined  the  ageing  response  for  two  ageing  temperatures  for 
times  ranging  from  one  minute  to  sixteen  hours.  All  of  the  ageing  specimens 
vv/ere  first  solution  treated  based  on  the  results  of  the  solution  treatment  stijdy. 
The  same  specimen  preparation  and  measurement  techniques  used  for  the 
solution  treatment  study  were  also  used  for  the  ageing  study.  For  ageing  times 
less  than  thirty  minutes,  specimens  were  aged  in  molten  lead  to  ensure  proper 
control  over  ageing  time.  The  typical  temperature  deviation  in  the  lead  pot 
was  ±1 .7°C  (±3°F).  Specimens  aged  for  thirty  minutes  and  longer  were  heated 
in  a  conventional  laboratoiy  furnace  witf  i  a  maximum  deviation  of  ±6°C  (±tO°F). 
The  surface  temperature  of  each  specimen  was  inonitored  v/ith  a  thermocouple 
during  ageing. 

The  temperatures  selected  for  the  ageing  experiments  were  based  on  recently 
published  data.  Novotny  studied  heat  treatment  response  of  AerMet®  100 
over  a  very  broad  range  of  solution  treatments  and  ageing  temperatures.^*  His 
study  focused  on  ageing  times  of  1 , 3,  5  and  8  hours  at  various  temperatures 
after  a  solution  treatment  temperature  of  885*C  (1625°F).  Whereas  Novotny's 
study  dealt  with  a  broad  range  of  solution  treatment  temperatures  and  tended 
to  favor  examination  of  overaged  microstructures  this  study  focused  on  de¬ 
tailed  examination  of  a  narrower  range  of  time-temperature  combinations  so 
that  a  material  condition  with  the  best  combination  of  hardness,  fracture  tough¬ 
ness,  and  ballistic  performance  could  be  selected. 

Short  Range  Order  Experiment 

Schmidt  and  Gore  reported  that  post  ageing  treatments  applied  to  AF  1410 
steel  produced  a  hardness  increase  of  over  20  DPH  (Diamond  Pyramid  Hard- 
ness).^^  They  attributed  the  observed  behavior  to  possible  short  range  order¬ 
ing.  The  time  required  for  this  hardness  increase  was  between  five  and  thirty 
hours.  Short  range  ordering  is  expected  to  manifest  itself  by  an  incremental 
increase  in  hardness  and  a  corresponding  increase  in  tensile  properties. 

To  determine  if  AerMet®  100  displayed  similar  behavior,  a  post  age  treatment 
was  conducted  at  370°C  (700°F)  on  hardness  and  tensile  specimens  to  deter¬ 
mine  any  variations  in  both  hardness  and  tensile  property  data  as  a  function  of 
time.  Prior  to  the  post  age  treatment,  all  specimens  were  heat  treated  using 
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the  standard  practice  of  885°C  (1625^F),  one  hour,  air  cool;  -73°C  (-100°F),  one 
hour,  air  warm;  482°C  (900°F),  five  hours,  air  cool.  Both  Rockwell  C  and  Vickers 
Hardness  tests  were  performed  on  the  same  type  of  specimen  used  for  the 
solution  treatment  and  ageing  studies.  Vickers  Hardness  Tests  v/ere  conducted 
according  to  ASTM  Standard  E-92.^^ 

Mechanical  Properties 

Mechanical  property  tests  were  conducted  to  del  ermine  the  strength,  frac¬ 
ture  toughness  and  Charpy  impact  energy  for  four  different  heat  treatments. 
Longitudinal  tensile  tests  were  conducted  according  to  ASTM  Standard  E-8.29 
Fracture  Toughness  tests  were  conducted  according  to  ASTM  Standard  E-399 
on  specimens  machined  in  the  L-T  orientation.^o  Longitudinal  Charpy  impact 
energy  was  measured  according  to  ASTM  Standard  E-23.3'  At  least  two  speci¬ 
mens  were  used  for  each  test  and  materia!  condition  evaluated. 

Stress  Corrosion  Crac' . ,  j  Tests 

All  of  the  stress  corrosion  cracking  specimens  were  solution  treated  at  885°C 
(1625°F)  for  one  hour  and  oi!  quenched.  Upon  reaching  room  temperature,  all 
the  specimens  were  placed  in  a  cryogenic  bath  at  -73°C  (-100°F)  and  held  for 
one  hour.  The  specimens  were  then  divided  into  two  groups.  The  first  group 
was  aged  at  482°C  (900°F)  for  five  hours;  the  second  group,  at  468'’C  (875°F)  for 
five  hours.  The  first  ageing  treatment  is  the  standard  condition  recommended 
by  Carpenter  Technology.  The  second  treatment  is  of  interest  because  com¬ 
mercial  airline  manufacturers  and  the  Department  of  Defense  (DoD)  have  ex¬ 
pressed  interest  in  a  higher  strength  version  of  AerMet©  100. 

A  specimen  geometry  arid  experimental  apparatus  were  selected  to  permit 
comparison  to  data  developed  at  the  Naval  Air  Warfare  Center  (NAWC)  in 
Warminster,  PA.32  The  environment  selected  consisted  of  3,5  wt%  sodium  chlo¬ 
ride  (NaCi)  in  water.  This  environment  has  the  same  nominal  sodium  chloride 
concentration  as  seawater  and  was  also  used  by  NAWC  for  their  experiments. 

The  specimens  were  machined  in  the  L-T  orientation,  such  that  the  crack  is 
coincident  with  the  transverse  direction  of  the  parent  stocx.  The  specimen's 
dimiensions  after  final  machining  were  2.54  cm  high  by  1.27  cm  wide  by  17,8 
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cm  long  (1  inch  by  0,5  inch  by  7  inches).  A  notch  measuring  0.191  crn  (0,075  inch) 
deep  with  a  maximum  root  radius  of  0.01  cm  (0.004  inch)  and  included  angle 
of  45°  was  machined  into  the  specimen.  A  diagram  of  the  specimen  is  shown 
in  Figure  1.  Each  specimen  was  precracked  approximately  0.127  cm  (0.050 
inch),  so  that  the  total  flaw  size  (notch  +  precrack)  was  approximately  0.318 
(0.125  inch). 
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Figure  1 :  Cantilever  Beam  Specimen  Used  for  Stress  Corrosion  Cracking  Tests. 

This  geometry  associated  with  this  initial  flaw  size  does  not  comply  v/ith  ASTM  E- 
399,  which  specifies  an  initial  flaw  size  (a)  to  specimen  depth  (W)  ratio  of 
0.45  <  a/W  <  0.55.  Few'  laboratories  seem  to  use  this  geometrical  requirement 
for  stress  corrosion  cracking  tests.  The  NAWC  tests  on  AerMettB)  1 00  were  con¬ 
ducted  using  an  a/W  ratio  of  0,125.  Other  investigations  such  as  those  of 
Beachem  and  Browm  used  values  of  a/W  =  0.35.3^  While  the  a/W  ratio  required 
by  E-399  is  appropriate  for  plain  strain  fracture  toughness  testing  in  air,  it  need 
not  be  applied  to  stress  corrosion  cracking  tests. 

The  crack  length  must  be  chosen  in  conjunction  with  the  specimen  thickness, 
taking  plastic  zone  size  effects  into  consideration.^^  The  selection  of 
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0,45  <  a/W  <  0,55  for  plane  strain  frocture  toughness  testing  is  derived  fronn  this 
rationale, 35  For  stress  corrosion  cracking  tests,  the  applied  stress  intensity  is  sig¬ 
nificantly  less  (~207o  of  Kic)  than  for  a  fracture  toughness  test  in  air.  As  a  result,  it 
is  possibie  to  use  a  shorter  initial  flav\/  size  provided  the  flav/  size  exceeds 
2,5«(K/aY)2,  as  recommended  by  ASTMSTP  41 0,35  For  an  applied  Kof  55MPaVm 
(50  ksiVin)  and  Oy  =  1795  MPa  (260  ksi)  for  AerMet®  100,  the  minimum  flaw  size 
would  be  0,235  cm  (0,0925  inch).  Since  this  value  is  less  than  the  0,318  cm 
(0,125  inch)  flaw  size  used  for  the  NAWC  tests,  it  seems  acceptable  to  use  a 
short  flaw  size  (a/W  >  0,0925)  for  the  stress  corrosion  cracking  tests.  The  impor¬ 
tant  fact  to  remember  is  that  identifying  the  stress  intensity  resulting  in  sub-criti¬ 
cal  crack  growth  is  the  primary  objective  of  the  stress  corrosion  cracking  test. 
By  the  time  the  crack  has  grown  to  critical  length,  the  geometry  is  more  akin  to 
that  required  by  ASTM  E-399. 

The  notched  region  of  the  specimen  was  surrounded  by  a  polyethylene  cell 
containing  approximately  250  ml  of  the  sodium  chloride  solution  (pH  5.5  -  6.0). 


Figure  2:  Cantilever  Beam  Specimen  Mounted  in  Corrosion  Cell. 
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Dow  Corning  sealant  3145  RTV,  a  silicone  rubber  adhesive  and  sealant  free 
from  solvents  that  might  Influence  the  test  results,  was  used  to  seal  the  area 
where  the  polyethylene  cell  contacts  the  specimen.  The  solution  was  prepared 
with  reagent  grade  sodium  chloride  and  distilled  water,  Once  the  test  began, 
the  solution  was  changed  once  every  week.  A  photograph  of  a  cantilever 
beam  specimen  mounted  in  the  polyethylene  cell  is  shovyn  in  Figure  2. 

Values  for  the  initial  stress  intensity  were  selected  to  produce  failure  times  rang¬ 
ing  from  a  few  hundred  hours  to  more  than  1000  hours,  The  Kies  equation  was 
used  to  determine  the  weight  required  to  produce  the  desired  stress  intensity: 37 


where; 
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B  =  Specimen  Thickness 
W  =  Specimen  Depth 

M  =  The  Applied  Bending  Moment  at  the  Crack  Tip 
a  =  the  initial  flaw  size 


(2) 


a 
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Figure  3  shows  a  schematic  physical  description  of  the  cantilever  beam  equip- 
merit  used  for  our  experiments,  A  photograph  of  an  actual  cantilever  beam 
fixture  is  displayed  in  Figure  4a,  with  a  close  up  of  the  specimen  shown  in 
Figure  4b. 


Figure  3:  Schematic  of  Cantilever  Beam  Apparatus, 
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Processing  of  Ballistic  Plate 


On  the  basis  of  results  from  the  solution  treatment  study,  all  of  the  plates  were 
solution  treated  together  at  885°C  (1625°F)  for  one  hour  at  temperature  in  an 
L&L  specialty  furnace  equipped  with  a  recirculator  using  a  flowing  argon  at¬ 
mosphere.  Although  it  does  not  produce  a  completely  neutral  atmosphere, 
the  argon  atmosphere  minimizes  scale  and  decarburization.  Result’s  from  the 
ageing  study  were  used  to  select  four  different  ageing  treatments.  One  of  the 
ageing  treatments — five  hours  at  482°C  (900°F)—  is  recommended  by  CarTec. 
Another  treatment — five  hours  at  468°C  (875°F)--was  selected  because  CarTec 
has  applied  for  an  AMS  specification  using  this  time-temperature  combinoTion, 
Since  the  objective  was  to  produce  the  hardest  material  possible,  the  final  two 
ageing  treatments — one  hour  at  468°C  (875°F)  and  one  hour  at  482°C  (900°F) — 
were  selected  to  produce  peak  hardness  of  55  HRC  to  56  HRC. 

After  heat  treatment,  the  plates  were  ground  on  a  Blanchard  grinder  using  a 
36  -  40  grit  alumina  wtieel  and  a  soluble  oil  coolant  to  remove  the  decarbur- 
ized  layer  and  scale  that  often  influence  the  results  of  ballistic  testing,  First,  the 
plates  were  ground  to  produce  parallel  surfaces  to  within  0.038  cm  (0.0 1 5  inch) , 
and  then  further  ground  to  rerr  ove  at  least  0.051  cm  (0.020  inch)  from  the  im¬ 
pact  face  to  ensure  complete  removal  of  the  decarburized  layer.  This  surface 
preparation  technique  inherently  produces  machining  marks  on  the  plate  sur¬ 
face. 

Ballistic  Tests 

Ballistic  tests  were  conducted  according  to  MIL-vSTD-662E,  V 50  Ballistic  Test  for 
Armor^^  Two  different  small  arms  projectiles  were  selected  tor  ballistic  testing: 
the  U.S,  0.30  caliber  (7.62  mm)  armor  piercing  (AP)  M2  and  the  U.S,  0.50  caliber 
(12.7  mm)  AP  M2.  The  30.5  cm  (12  inch)  square  ballistic  test  plates  were  mounted 
to  a  test  fixture  by  clamping  each  corner  with  a  C  clamp.  The  ballistic  test 
fixture  consisted  of  a  steel  frame  with  an  opening  measuring  25  cm  (10  inches) 
square.  A  sheet  of  0  051  cm  (0.020  inch)  thick  2024-T3  aluminum  alloy  termed  a 
'witness  plate'  or  'witness  sheet'  wos  placed  15  cm  (6  inches)  behind  the  tar¬ 
get  to  indicate  any  spall  or  residual  projectile  fragments  emanating  from  the 
rear  face  of  the  target  during  ballistic  impact. 
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The  final  condition  of  the  witness  plate  determines  the  outcome  of  the  ballistic 
test.  If  the  witness  plate  is  perforated  by  the  projectile  or  spall  from  the  test 
panel,  the  result  is  recorded  as  a  complete  penetration.  If  no  perforation  is 
observed  through  the  witness  plate,  the  result  is  recorded  as  a  partial  penetra¬ 
tion,  Note  that  if  the  test  panel  is  perforated  but  the  witness  plate  remains 
intact,  the  result  is  a  partial  penetration.  A  schematic  definition  of  parlial  and 
complete  penetrations  is  shov«/n  in  Figure  5. 

Partial  Penetration  Complete  Penetration 


witness  plate  is  intact 


witness  plate  is  penetrated 
by  projectile  or  plate  spall 


Figure  5:  Definition  of  Partial  and  Complete  Penetration, 

Projectiles  v/ere  fired  from  a  barrel  mounted  to  a  rigid  support.  Projectile  veloc¬ 
ity  was  derermined  using  paper  break  screens  separated  by  a  known  di.stance 
and  tinie  counters  that  recorded  the  time  lapse  to  the  neare,st  microsecond. 
The  paper  break  screens  are  coated  with  a  connected  patfern  of  silver  paint 
lines.  When  the  screen  is  intact,  the  resistance  from  one  side  to  the  opposite 
side  is  essentially  zero;  when  the  screen  is  perforated,  the  resistance  becomes 
infinite.  As  the  projectile  travels  downrange,  it  strikes  the  first  paper  screen, 
initiating  a  timing  device.  The  timer  counts  until  the  second  paper  screen  is 
broken.  The  projectile  velocity  is  equal  to  the  elapsed  time  divided  by  the 
distance  beKveen  the  two  break  screens. 

For  the  0.50  caliber  (12,7  mm)  tests  a  Browning  banei  was  used.  The  barrel 
muzzle  end  was  6.1  m  (twenty  feet)  from  the  target,  The  distance  between 
velocih/  screens  was  3.05  m  (ten  feet). 

For  the  0.30  caliber  (7.62  mm)  tests,  a  standard  service  barrel  was  used.  The 
barrel  muzzle  end  was  6. 1  m  (ten  feet)  from  the  target.  The  distance  between 
velocity  screens  \>/as  61  cm  (two  feet).  The  same  timing  mechanism  was  used 
for  both  the  0.50  caliber  (12.7  mm)  and  0,v30  caliber  (7.62  mm)  tests. 
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5.0  Experimental  Results 

Solution  Treatment 


Results  from  the  solution  treatment  experiment  are  shown  in  Figure  6.  The  peak 
as  cooled  hardness  of  50.8  HRC  was  found  for  a  solution  treatmenf  tempera¬ 
ture  of  885°C  (1625°F).  Carpenter  Technology  recommends  this  temperature 
for  solution  treatmerit  of  AerMet®  100  and  it  is  also  the  solution  temperature 
used  by  Novotny,  On  the  basis  of  these  solution  treatment  results,  we  selected 
a  solution  treatment  temperature  of  885°C  (1626°F)  for  use  throughout  the  re¬ 
mainder  of  this  thesis, 


Figure  6:  Effect  of  Soiution  Treatment  Temperature  on  the  As  Cooied 

Hardness  of  AerMet®  100. 


Ageing  Study 

Several  factors  influenced  our  selection  of  the  two  ageing  temperatures.  At 
temperatures  in  excess  of  482°C  (900°F),  the  austenite  content  in  the  rriicro- 
structure  increases,  leading  to  reduced  hardness.^*  Below  468°C  (875°F),  signifi¬ 
cant  M3C  in  the  microstructure  adversely  affects  the  steel's  toughness.  Although 
M2C  can  precipitate  beiow  468°C  (STS^F),  the  resuitant  kinetics  do  not  aiiow 
the  development  of  adequate  toughness  after  a  five  hour  age. 
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Table  6:  Heat  Treatments  Selected  for  Ballistic  Plates, 


Temperature 

Time 

Hardness  (HRC) 

Microstructure 

482’C  (900°F) 

5  hours 

52-53 

overaged 

482°C  (900°1'-) 

1  hour 

55.5-56 

peak  aged 

468°C  C875°F) 

5  hours 

53 

slightiy  overaged 

468°C  (STS-^F) 

1  hour 

54 

slightly  underaged 

A  graph  of  results  from  the  ageing  experiments  at  468°C  (875^F)  and  482°C 
(900°F)  is  shown  in  Figure  7,  Average  peak  hardness  of  55.5  HRC  was  obtained 
for  a  one  hour  age  at  482°C  (900°F).  For  the  468°C  (875^F)  age,  average  peak 
hardriess  of  55.2  HRC  was  obtained  for  an  ageing  time  of  three  hours.  How¬ 
ever,  because  the  resolution  of  the  Rockwell  C  hardness  test  is,  at  best,  0.5 
points,  it  is  more  accurate  to  place  the  peak  ageing  time  for  468°C  (875°F) 
between  one  and  three  hours. 
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The  results  of  the  ageing  study  were  used  to  select  four  ageing  treatnients  for 
the  ballistic  plate  moterial.  Table  6  shows  a  summary  of  the  treatirients  we 
selected,  the  average  hardness  measured  on  the  surface  of  the  plates,  and 
the  anticipated  microstructure.  Microhardness  measurements  on  corner  sec¬ 
tions  taken  from  each  plate  indicated  that  significant  decarburization  was  lim¬ 
ited  to  betv/een  0.025  cm  (0.010  inch)  and  0.051  cm  (0.020  inch)  below  the 
surface.  The  measured  hardness  values  are  somewhat  lower  Than  anticipated 
based  on  the  data  shown  in  Figure  7,  These  lower  hardness  values  may  have 
resulted  from  the  surface  preparation  technique  applied  to  the  plates. 

Short  Range  Order  Experiment 

Ttie  results  of  the  short  range  order  experiments  are  graphed  in  Figure  8.  Al¬ 
though  an  increase  in  Vickers  (Diamond  Pyramid,  DPH)  Hardness  of  between 


■  Average  1%  Yield  strength 
O  Average  2%  Yield  Strength 
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Figure  8:  Hardness  and  Strength  as  a  Function  of  Ageing  Time  for  a  Two  Step 
482°C  (900'’F)  five  hour,  371°C  (700°F)  Ageing  Treatment. 
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20  and  40  points  was  observed,  tensile  properties  showed  no  dramatic  influ- 
ence  from  the  post  age  treatment,  Rockwell  C  Hardness  (HRC)  measurements 
(not  shown)  were  also  taken  and  showed  no  discernible  change  in  hardness 
level  as  a  function  of  ageing  time.  Because  the  DPH  test  is  much  finer  in  scale 
than  the  HRC  test,  the  variation  in  DPH  measurements  are  more  likely  related  to 
local  microstructural  differences. 


Table  7:  Measured  Mechanical  Properties  of  AerMet®  ;00  Steel, 


Temperature 

Time 

9CO’F 

5  hours 

875°F 

5  hours 

900°F 

1  hour 

875°F 

1  hour 

Hardness  (HRC) 

53 

55.5 

55 

Ultimate  Tensile  Strength,  MPa  (ksi) 

1966(285) 

2097  (304) 

2145(311) 

2131  (309) 

0.2%  Offset  Yield  Strength,  MPa  (ksi) 

1793(260) 

1876(272) 

1834(266) 

1766(256) 

Yield/Tensile  Ratio 

0.91 

0.89 

0.85 

0.83 

%  Reduction  in  Area 

65 

58 

58 

56 

%  Elongation 

15.5 

13.2 

14 

15.5 

ciu^iil;  ivIuuUiUj),  ^ru  a  IU”; 

175(25.4) 

{  \£.  /  ,7  J 

179(25.9) 

1  QQ  /'OT 

1  Qw 

Eracture  Toughness,  MPa^/m  (ksiVin) 

125(114) 

94(86) 

89(81) 

71  (65) 

Charpy  Impact  Energy,  Joules  (ft*lb) 

41  (30.3) 

33  (24.5) 

29(21,3) 

28  (20.8) 

Mechanical  Properties 

Mechanical  property  data  are  displayed  in  Table  7,  The  results  for  the  482°C 
(900°F)  and  468°C  (875“F)  five  hour  ages  compare  most  favorably  with  CarTec's 
published  data  for  AerMet®  100  and  indicate  that  heat  treatment  procedures 
used  in  this  study  were  consistent  wi+h  applicable  processing  specifications, 

During  analysis  of  fracture  surfaces  with  a  scanning  electron  microscope  (SEM), 
several  particles  bearing  cerium  and  phosphorous  were  identified.  Although 
CarTec  does  not  publish  ali  details  related  to  the  processing  of  AerMet®  100, 
this  finding  indicates  rare  earth  modification  (REM)  probably  by  late  addition  of 
a  cerium  bearing  compound  during  vacuum  induction  melting, 
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Cracking  Tests 


Data  obtained  from  the  cantilever  beam  stress  corrosion  cracking  tests  are 
graphed  in  Figure  9,  The  482°C  (900°F)  specimen  loaded  to  an  initial  stress  in¬ 
tensity  of  38  MPaVm  (35  ksiVin)  developed  a  bifurcated  crack  and  failed  after 
1200  hours,  The  plot  shows  the  initial  stress  intensity  factor  plotted  as  a  function 
of  time  to  failure  for  each  of  the  hA/o  aging  treatments.  Comparative  data 
from  a  study  by  Kozol  and  Neu  for  specimen's  aged  five  hours  at  482'’C  (900°F) 
are  included.39  Kozol  and  Neu  used  L-T  specimens  with  the  precrack  coinci¬ 
dent  with  the  transverse  direction  of  the  pareni  stock  for  fheir  tests,  the  same 
type  of  specimens  used  in  this  study.  The  slightly  longer  times  to  failure  recorded 
during  the  Navy's  testing  may  indicate  a  slightly  diffe.''ent  environment.  Alter¬ 
natively,  the  difference  could  be  related  to  slightly  different  test  fixturing  as 
mentioned  in  the  beginning  of  the  thesis. 


Figure  9:  Results  of  Cantilever  Beam  Stress  Corrosion  Cracking  Tests. 
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Using  the  time  to  failure  data,  we  can  develop  a  rough  estimate  of  the  crack 
growth  velocity  by  dividing  the  distance  the  crack  grew  bv  the  time  to  failure. 
Although  this  calculation  is  crude,  it  is  not  unreasonacle  since  we  are  in  a  re¬ 
gime  of  crack  growth  where  da/dt  does  not  vary  strongly  with  stress  intensity. 

Ballistic  Tests 

Results  from  ballistic  tests  of  AerMet®  lUO  versus  the  0.30  calibei  (7.62  mm)  AP 
M2  projectile  are  displayed  In  Figure  10.  This  graph  shows  the  V50  Protection 
Ballistic  Limit  (PBL)  plotted  as  a  function  of  areal  density.  The  areal  density  is 
equal  to  the  target  weight  divided  by  the  target's  surface  area.  The  numbers 
adjacent  to  each  symbol  indicate  the  number  of  test  firings  used  to  calculate 
the  V50  PBL.  For  example,  '5  8c  5'  indicates  that  velocities  from  five  complete 
penetrations  and  five  partial  penetrations  were  used  to  calculate  the  V50.  Triese 
data  show  that  plates  heat  treated  at  peak  and  near  peak  hardness  have  a 
V50  PBL  approximately  120  meters  per  second  (mps)  (400  feet  per  second,  fps) 
greater  than  the  plates  processed  using  the  standard  heat  treatment.  All  of 
the  plates  showed  excellent  multiple  hit  capability.  In  two  cases,  more  than 
twenty-five  rounds  were  fired  at  a  single  target, 

Results  for  AerMet®  100  versus  the  0.50  caliber  (12.7  mm)  armor  piercing  IV12 
projectile  are  shown  in  Figure  1 1 ,  During  these  tests,  two  of  the  peak  aged 
plates  showed  a  tendency  to  crack  during  ballistic  impact,  These  cracks  typi¬ 
cally  emanated  on  or  near  the  impact  hole  and  were  coincident  with  machin¬ 
ing  marks  on  the  surface  of  the  plate. 

Although  some  of  the  peak  hardened  plates  were  found  to  have  higher  V50 
velocities  than  the  482°C  (900°F)  five  hour  age  baseline  plates,  the  increvose 
was  not  as  dramatic  as  found  for  the  0.30  caliber  (7,62  mm)  threat.  For  all  but 
the  482°C  (900^)  one  hour  plate  that  shattered,  the  Increase  was  usually  within 
the  scatter  accepted  tor  a  V50  PBL  Test — approximately  30  mps  (100  "'ps).  Pho¬ 
tographs  of  the  front  and  rear  face  of  each  ballistic  plate  are  displayed  in 
Appendix  A. 
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Figure  1 0:  Results  of  0,30  Caliber  AP  M2  Ballistic  Tests  on  AerMet®  1 00  Steei. 
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Figure  1 1 :  Results  of  0.50  Caliber  AP  M2  Ballistic  Tests  on  AerMet®  100  Steel. 
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6.0  Discussion 


Processing  and  Properties 

Prior  studies  on  the  heat  treatment  of  AerMet®  1 00  by  Novotny  and  AF  1 4 1 0  by 
Montgomery  indicate  that  the  482°C  (900°F)  treatment  produces  overaged 
M2C  carbides  in  the  microstructure,  while  the  468°C  (875°F)  five  hour  age  pro¬ 
duces  slightly  overaged  M2C  carbides  in  a  microstructure  retaining  some  M3C 
carbides.22.26  Thus,  from  these  studies  and  the  hardness  data  presented  in  Fig¬ 
ure  7,  the  microstructures  corresponding  to  the  peak  hardened  condition  prob¬ 
ably  consist  of  mixed  i\/l2C  and  M3C  carbides  for  the  one  hour  age  at  482°C 
(900°F)  and  M3C  carbides  with  M2C  nuclei  for  the  one  hour  age  at  468°C  (875°F). 

Ballistic  Tests 

The  ballistic  performance  of  AerMet®  1 00  aged  at  482°C  (900‘'F)  for  five  hours  is 
at  least  as  good  as  that  of  4340  steel  heat  treated  to  a  hardriess  of  between  52 
and  53  HRC.  The  superior  multiple  hit  capability  of  AerMet®  100  is  probably 
related  to  fracture  toughness,  where  AerMet®  100  steel  has  a  fracture  tough¬ 
ness  twice  tTiOi  of  4340  steel. 

The  use  of  alternate  heat  treatments  to  increase  the  hardness  of  AerMet®  100 
Steel  provided  exceptional  results  for  one  of  the  two  small  arms  projectiles  used 
for  this  thesis.  If  the  improvement  in  ballistic  performance  were  due  exclusively 
to  the  increased  hardness,  one  would  expect  all  of  the  higher  hardness  plates 
to  have  higher  V50  velocities,  regardless  of  their  thicknes.s.  Since  this  is  not  the 
case,  hardness  is  not  the  only  variable  responsible  for  improved  ballistic  perfor¬ 
mance.  It  may  be  that  the  thinner  plates  tested  versus  the  0.30  caliber  (7.62  mm) 
threat  were  in  a  different  stress  state  than  the  thicker  plates  tested  versus  the 
0.50  caliber  (12.7  mim)  threar.  The  0.30  caliber  (7.62  mm)  plates  required  more 
grinding  to  produce  parallel  surfaces.  This  explanation  has  some  analogy  to 
fracture  toughness,  which  increases  under  conditions  other  than  plane  strain. 

Beatty  measured  the  shear  instability  strain  of , AerMet®  100  heat  treated  to  the 
same  specifications  as  the  plates  used  for  ballistic  tests. 23  he  performed  quasi¬ 
static  tests  using  a  double-linear  shear  specimen  to  determine  the  shear  insta¬ 
bility  strain,  y,  defined  as  the  maximum  uniform  strain  achieved  in  shear  before 
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gross  localization  of  the  strain  occurs.  The  sample  design  and  test  have  been 
described  in  detail  previously. 

The  results  from  these  shear  Instability  tests  are  shown  in  Figures  12  and  1 3.  Fig¬ 
ure  12  compares  the  different  AerMet®  100  microstructures  (heat  treatments), 
including  the  type  of  product — plate  stock  or  extruded  stock.  Figure  13  com¬ 
pares  the  shear  instability  strain  of  AerMet®  100  to  a  number  of  other  high 
strength  steels.  While  AerMet®  100  shows  superior  resistance  to  unstable  shear 
compared  to  many  high  strength  steels,  these  results  demon.strate  the  sensitiv¬ 
ity  (7i  ranges  between  0.4  and  1 .6)  of  this  alloy  to  the  treatments  studied. 


Extruded 

T  noted  for  5  hours 
Rolled 

®  482"C  (900°F)  5  hours 
Polled 

"  432^C  (900'^F)  1  hour 
^  Rolled 

468'C  (875  F)  5  hours 
_  Rolled 

^  468"C  (875^F)  1  hour 


Figure  12:  Shear  Instability  Strains  for  AerMet®  100  Steel  for  Various  Ageing 

Treatments. 


The  improved  shear  resistance  of  this  secondary  hardening  steel  (compared  to 
that  of  quenched  and  tempered  steels  of  the  same  hardness)  is  the  key  factor 
in  providing  improved  ballistic  performance  at  equivalent  hardness.  This  im¬ 
provement  is  achieved  by  delaying  the  onset  of  adiabatic  shear  bands,  that 
play  an  important  role  in  initiating  the  plugging  mechanism  of  armor  failure. 
The  interaction  of  the  fine  scale  microstructure  (M3C  ana  M2C  precipitates  in 
this  case)  with  shear  localization  phenomena  is  not  yet  fully  understood.  Cowie 
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Figure  13:  Comparison  of  Shear  Iristability  Strains  for  Various  High  Strength 

Steels  and  AerMet®  100. 

demonstrated  that  the  ratio  of  carbide-size  to  carbide-separation-distance  was 
the  controlling  factor  at  quasi-static  strain  rates  in  VAR  4349  steel. However, 
at  higher  strain  rates  the  same  relationship  does  not  hold,  though  the  carbides 
still  play  an  important  role. *^2  jhe  unusually  high  instability  strains  measured  for 
the  extruded  AerMet®  100  show  promise  for  obtaining  even  better  ballistic 
performance  through  processing  and  microstructural  control, 

The  influence  of  microstructure  is  an  important  consideration  in  the  design  of 
armor  steels.  The  mixed  microstructure  of  M3C  and  M2C  is  more  brittle  than  a 
microstructure  comprised  primarily  of  M2C  carbides.  From  a  microstructural 
standpoint,  elimiination  of  M3C  carbides  while  precipitating  M2C  carbides  in 
this  class  of  armor  steels  is  preferred.  The  former  reduce  fracture  toughness 
and  tend  to  promote  brittle  fracture,  while  the  latter  have  the  dual  benefit  of 
improving  strength  by  impeding  dislocation  flow  and  increasing  toughness 
through  better  inte.rfacial  cohesion  with  the  matrix.  These  microstructural  fea¬ 
tures  are  important  to  ballistic  performance  because  they  determine — in  part — 
the  plate's  tendency  to  fail  by  brittle  fracture  and  its  resistance  to  localized 
adiabatic  shear. 
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While  processing  AerMet®  100  to  hardness  levels  greater  than  55  HRC  in  com¬ 
bination  with  an  overaged  microstructure  may  not  be  feasible,  it  may  be  pos¬ 
sible  to  design  a  new  secondary  hardening  steel  with  an  overaged  microstruc¬ 
ture  one'  higher  hardness.  To  this  end,  ARL«MD  funded  an  effort  with  North¬ 
western  Jniversity  to  design  an  armor  steel  possessing  both  the  desired  me¬ 
chanical  properties  and  a  microstructure  of  overaged  M2C  carbides.'^^  ,44  qq\. 
iistic  tests  of  the  new  armor  steel  were  initiated  in  the  Fall  of  1 993  and  should  be 
comipleted  by  the  end  of  1994. 

Stress  Corrosion  Cracking  Tests 

Atrens  measured  crack  growth  velocity  in  AerMet®  100  steel  using  a  linear  in¬ 
creasing  stress  test  (LIST)."^^  The  findings  of  his  study  are  graphed  in  Figure  14. 
At  stress  intensities  below  20  MPaVrn,  there  was  no  apparent  crack  growth. 
Crack  velocities  for  K|  greater  than  65  MPaVm  were  not  measured.  Given  the 
geomet7  of  the  cantilever  beam  specimen,  it  should  be  possible  using  Atrens' 
data  to  estimate  time  to  failure. 


Figure  14:  Atrens'  Crack  Velocit/ Data  for  AerMeKg)  100  Steel, 
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As  a  first  approximation,  consider  crack  growth  rates  to  br  constant.  The  only 
compelling  reason  for  this  assuniption  is  to  facilitate  a  first  -stirnate  of  the  time 
to  failure.  Crack  growth  usually  proceeds  as  a  two  step  i  :ess.  First,  proper 
conditions  must  be  established  at  the  crack  tip.  As  the  crack  grows  into  the 
material,  it  will  decelerate  and  arrest  until  sufficient  hydrogen  diffuses  to  the 
crack  tip  to  reinitiate  growth. 

To  aid  comparison  of  Atrens'  crack  growth  velocity'  data  with  cantilever  beam 
data  from  this  study  and  the  NAWC  study,  two  commercially  available  soft¬ 
ware  packages-— Mathematica  by  Wolfram  Research  and  MathCad  by 
MathSoft— were  used  to  develop  crack  growth  models.  Although  difficulf  to 
learn,  Mathematica  offered  a  greater  variety  of  built  in  functions.  MathCad 
offered  fewer  functions  but  has  a  better  display  interface  including  automatic 
dimensional  analysis.  Because  MathCad  offered  sufficient  functionality  for  the 
crack  growth  model  with  a  more  intuitive  interface,  it  was  selected  to  render 
the  model, 

The  crack  growth  velocity  is  simply  the  incremental  change  in  unit  crack  length 
during  a  unit  of  time: 


_  da 


The  time  to  failure  is  expressed  as: 


Which  can  be  rewritten: 


ra, 

■ 

Joi 


Atrens'  data  can  be  fit  to  a  log  linear  equation  like  the  following 


V  =  Constant  ■  e" 


Where: 


m  =.3.667-  10' 


MPa/m 


(4.03-  10^ — 

psivin 


Constant  =  1.235-  10“®!^  "  ri.75 


The  Kies  equation  (2)  used  earlier  to  determine  K  as  a  function  of  flaw  size,  a, 
may  now  be  substituted  into  equal  ions  6  and  5  to  produce  an  equation  for 
failure  time  as  a  function  of  flaw  size,  a: 

r". 


tf  = 


0i 


Constant  e 


4.12  M 


da 


(7) 


8 


) 


The  MathCad  program  implementing  the  solution  to  this  equation  is  shown  in 
Appendix  B,  Once  the  single  calculation  file  was  set  up,  it  was  relatively  easy  to 
introduce  a  matrix  of  initial  stress  intensity  values  to  determine  corresponding 
values  for  time  to  failure.  Table  8  lists  the  predicted  failure  time  based  upon  the 
cantilever  beam  specimen  geometry,  inilial  flaw  size,  and  flaw  size  at  fracture, 
along  vyith  the  actual  time  to  failure, 


Tcole  8;  Comparison  of  ARL«MD  Cantilever  Bearn  and  Atrens'  Linear 

Increasing  Stress  Test  Data, 


Initial  Stress  Intensity,  Ki 
MPaVm  (ksi'/in) 

Time  to  Failure 
(hours) 

Predicted  Failure 
Time  (tiours) 

44(40) 

422.8 

14V, 8 

- - 1 

U.66 

38(35) 

1200* 

171.2  ■ 

0.14 

33(30) 

475.8 

195.1 

0,41 

27  (25) 

658.8 

221,3 

0,34 

22(20) 

1155.2 

252.1 

0.22 

These  predictions  are  remarkably  consistent  with  the  actual  time  to  failure  given 
the  fidelity  usually  associated  with  cantilever  beam  data  and  crack  velocity  mea¬ 
surements.  The  experimental  time  to  failure  for  the  specimen  loaded  to  an  initial 
stress  intensify  of  38  MPaVm  (35  ksiVin,  marked  with  an  *)  does  not  fit  well  with  the 
other  data  because  of  crack  bifurcation.  The  specimen  loaded  to  22MPaVm  (20 
ksiVin)  does  not  fit  the  other  data,  presumably  because  22MPaVm  (20  ksiVin)  is  the 
apparent  Kiscc  foi'  AerMet®  100,  Since  the  calculated  times  to  failure  are  shorter 
than  the  actual  tirmes  to  failure,  our  assumption  of  constant  crack  growth  needs  1o 
be  considered  in  more  detail.  If  CiOck  growth  decelerates  because  of  a  change 
in  the  environment  at  the  crack  tip,  the  time  to  failure  would  be  greater. 


Page  32 


7.0  Conclusions  and  Recommendations 

AerMet®  100  is  very  sensitive  to  ageing  temperature.  As  a  result,  careful  pro¬ 
cess  control  is  required  to  ensure  tinat  the  desired  properties  are  obtained. 
Hardness  tests  are  not  a  reliable  measure  of  process  control:  the  best  indica¬ 
tors  for  process  control  are  tensile  and  fracture  toughness  tests. 

The  ballistic  performance  of  AerMet®  100  heat  treated  to  achieve  different 
microstructures  provides  valuable  knowledge  for  use  in  future  efforts  to  design 
high  performance  armor  steels  for  specialized  applications.  Even  if  combina¬ 
tions  of  hardness  greater  than  55  HRC  with  toughness  greater  than  55  MPaVm 
(50  ksi^iin)  can  be  achieved,  special  care  must  be  taken  to  ensure  that  the 
microstructure  is  contributing  as  much  hardness  as  possible  without  introducing 
undesirable  effects  such  as  brittle  fracture. 

Although  the  peak  hardened  condition  of  AerMet®  1 00  is  not  the  optimum 
microstructure  for  toughness  limited  applications,  it  has  mechanical  properties 
at  least  as  good  as  other  ultrahigh  strength  steels  and  superior  ballistic  perfor¬ 
mance  against  one  of  the  small  arms  projectiles.  Future  efforts  should  be  di¬ 
rected  at  producing  a  slightly  overaged  microstructure  with  optimized  hard¬ 
ness. 

AerMet®  100  is  susceptible  to  stress  corrosion  cracking.  Although  fracture  tough¬ 
ness  is  an  important  consideration  for  design  and  materials  selection,  a  more 
important  limitation  is  resistance  to  stress  corrosion  cracking.  Using  the  Kic-  rather 
than  Kigcc-  in  a  design  calculation  could  lead  to  premature  failure.  In  cases 
where  Kiscc  nnay  be  exceeded,  development  of  an  inspection  schedule  that 
takes  crack  gro\A/th  velocity  into  account  is  of  critical  Importance. 

AerMei®  100  has  greater  fracture  toughness  than  conventional  high  strength 
steels  so  components  fabricated  from  it  can  tolerate  larger  flaw  sizes.  In  addi¬ 
tion,  crack  growth  velocity  of  AerMet®  100  immersed  in  3,5%  sodium  chloride  is 
slower  than  tor  conventional  high  strength  steels,  peimilTing  longer  inspection 
intervals,  Therefore,  one  for  one  substitution  of  AerMet®  100  for  conventional 
high  strength  steels  is  recommended.  However,  substitution  of  AerMet®  100  in 
components  scaled  to  achieve  weight  .savitigs  requires  careful  consideration. 
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Appendix  A 

ARL«MD  Ballistic  Test  Number  i51-92. 

-0, 1 56  inch  thick  AerMet  1 00™  Steel  versus  U.S.  0.50  caliber  AP  M2  projectile, 

(Austenitizsd  @  1625°F,  1  hour,  oil  quench;-lCI0“F.  1  hour,  air  warm;  Aged  @  875°F,  5  hours,  air  cool ) 


Back  Side 
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Appendix  A 

ARL«MD  Ballistic  Test  Number  152-92. 

0.230  inch  thick  AerMet  100™  Steel  versus  U.S.  0.50  caliber  AP  M2  projectile. 

(Austenitized  @  1625°F,  1  hour,  oil  quench;- 100°F,  1  hour,  air  warm;  Aged  @  9CXD‘’F,  5  hours,  dir  cool.) 


Back  Side 
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Appendix  A 

ARL-MD  Ballistic  Test  Number  153-92. 

0.350  inch  thick  AerMet  100™  Steel  versus  U.S.  0.50  caliber  AP  M2  projectile. 

(Austenitized  @  1625°F,  1  dour,  oil  quench;  -ICM-F,  1  hour,  air  warm;  Aged  @  875^F,  5  hours,  air  cool.) 


Back  Side 
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ARL*MD  Ballistic  Test  Number  154-92. 

0.375  inch  thick  AerMet  100™  Steel  versus  U.S.  0.50  caliber  AP  M2  projectile 

(Austenitized  @  1625°F,  1  hour,  oil  quench;  -100°F.  1  hour,  air  worm;  Aged  ©  POfl'T,  5  hours,  air  cool.) 
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ARi -MD  Ballistic  Test  Number  155-92. 

0.483  inch  thick  AerMet  Steel  versus  U.S.  0.50  caliber  AP  M2  projectile. 

(Austenitced  @  1625“F,  1  hour,  oil  quench:  -100°F,  1  hour,  air  warm;  Aged  @  875°F,  5  hours,  air  cool.) 


Front  Side 


Back  Side 
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ARL*MD  Ballistic  Test  Number  156-92. 

0.488  inch  thick  AerMet  100™  Steel  versus  U.S.  0.50  caliber  AP  M2  projectile. 

(Auslenitized  @  1625“F.  1  hour,  oil  quench;  -100°F,  1  hour,  air  warm;  Aged  @  900°F,  5  hours,  air  cool.) 


Front  Side 


Appendix  A 

ARL*MD  Ballistic  Test  Number  001-93. 

0.453  inch  thick  AerMet  100^^  Steel  versus  U.S.  0.50  caliber  AP  M2  projectile. 

(Austenitized  ©  1 625°F,  1  hour,  air  cool;  -  1C0°F,  1  hour,  air  warnn;  Aged  ©  900‘’F,  5  hours,  air  cool.) 


Back  Side 
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AI^,  jilistic  Test  Number  002-93. 

0.481  inch  thick  AerMer  3teel  versus  U.S.  0.50  caliber  AP  M2  projectile. 

(Austenitized®  1625=F.  ir,.  /  liX)  F.  1  hour,  air  warm;  A,ged  ®  075°F,  5  hours,  air  cool,) 


Front  Side 


Back  Side 
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ARL«MD  Ballistic  Test  Number  003-93. 

0.470  inch  thick  AerMet  100™  Steel  versus  U.S.  0.50  caliber  AP  M2  projectile 

(Austenitized  @  1625°F,  1  hour,  air  cool;  -lOOT  1  hour,  air  warm:  Aged  @  900°F,  1  hour,  air  cool.) 


Back  Side 
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ARL*MD  Ballistic  Test  Number  004-93. 

0.467  inch  thick  AerMet  100™  Steel  versus  U.S.  0.50  caliber  AP  M2  projectile. 

(Austenitized  @  1625°F,  1  hour,  air  cool;  -lOO'^F,  1  hour,  aii  warm;  Aged  @  a75‘’F,  1  hour,  air  cool.) 


Back  Side 
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ARL*MD  Balli^tir  Test  Number  005-93. 

0,330  inch  thick  AerMet  100^"^  Steel  versus  U.S,  0.50  caliber  AP  M2  projectile, 

(Austenitized  @  1625°F,  1  hour,  air  cool.  UiO  •  I  riour,  air  worm.  Aged  @  900°F,  5  hours,  air  cool.) 


Back  Side 
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ARL*MD  Ballistic  Test  Number  006-93. 

0.364  inch  thick  AerMet  100™  Steel  versus  U.S.  0.50  caliber  AP  M2  projectile. 

(Austenitized  @  1625''F,  1  hour,  air  cool;  -100°F,  1  hour,  air  warm;  Aged  @  875°F,  5  hours,  air  cool ) 


Front  Side 


Back  Side 
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ARL*MD  Ballistic  Test  Number  007-93. 

0,309  inch  thick  AerMet  100™  Steel  versus  U.S.  0.50  caliber  AP  M2  projectile. 

(Austenitized  @  1625“F,  1  hour,  air  cool;  -i(X)°F.  1  hour,  air  warm;  Aged  @  9(X)'’F,  1  hour,  air  cool.) 


Front  Side 


Back  Side 
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ARL*MD  Ballistic  Test  Number  008-93. 

0,156  inch  thick  AerMet  100'^  Steel  versus  U.S.  0.30  caliber  AP  M2  projectile. 

(Austenitized  @  1625°F.  1  hour,  on  cool.  lOO’F.  1  hour,  air  worm;  Aged  @  900°^,  5  hours,  air  cool.) 


Front  Side 


Back  Side 
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ARL«MD  Ballistic  Test  Number  009-93, 

0,355  inch  thick  AerMet  100™  Steel  versus  U,S,  0,50  caliber  AP  M2  projectile, 

(Austenitized  @  1625“F.  1  hour,  air  cool;  -100°F.  1  hour,  air  worm;  Aged  @  875-F,  1  hour,  air  cool.) 


Front  Side 


Back  Side 
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n  nc  ■  ARL*MD  Ballistic  Test  Number  01 D-O'^ 

0. 135  inch  thick  AerMet  lOQ™  steel  versus  U  q  n  ^  « 

(Austenitized©  1625°F.  1  hour,  air  cool  100  I-  Thonr  ^^lllber  AP  M2  projectile. 

air  cool.  100  I  I  hour,  Q,r  warm;  Aged  @  875^F,  5  hours,  air  cool.) 


Front  Side 


Back  Side 
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ARL* MD  Ballistic  Test  Number  011-93. 

0. 146  inch  thick  AerMet  100'^^  Steel  versus  U.S.  0.30  caliber  AP  M2  projectile. 

(Austenitized  @  1625“^  1  hour,  air  cool;  -lOO^F.  1  hour,  air  warm;  Aged  @  900°F,  1  hour,  air  cool.) 


Back  Side 
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ARL«MD  Ballistic  Test  Number  012-93. 

0.197  inch  thick  AerMet  100^^  Steel  versus  U.S.  0,30  caliber  AP  M2  projectile, 

(Austenitized  @  1625'’F,  1  hour,  air  cool.  •  100  F  I  hour,  air  warm;  Aged  @  875°F,  1  hour,  air  cool.) 


Back  Side 
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ARL»MD  Bailistic  Test  Number  013-93, 

0, 191  inch  thick  AerMet  100™  Steel  versus  U.S.  0.30  caliber  AP  M2  projectile 

(Austenitized  @  1625°(-,  1  tiour,  air  cool.  •  100  t  I  tiom  air  warm;  Aged  @  875°^.  5  hours,  air  cool.) 


Back  Side 
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Al'l  •Mi  ■  Ral!is1ic  Test  Number  014-93. 

55  inch  thick  AerMet  ICO’’''  Steel  versus  U.S.  0.30  caliber  AP  M2  projectile. 

(Austenitized  ®  i625"r,  1  nuui  31  .1  iCO’F,  1  hour,  air  v/arm;  Aged  ®  900^r.  5  hours,  air  coo!.) 


Back  Side 
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MPa=!0  Pa  ksi^lBQBpst 

a 


c(  a ,  W  )  :=  1  — 


W 


4.12  M 


1 


K(a,M  ,B.  W  )  ;= 


^  c(  a  .  W  ; ' 


~  c ;  a  W  )  ■ 


B  W 


Factor  1 


slope  :=  4.03045  lB'®  (psi  /k^)  ‘ 

Const  ;=  1.752324  10'^  - 

hr 

V©locity(K)  ;=  Factor  Const 


furlong- 22 [S  yd 
fortnight  =  14  day 


O;  -  0.125  in 

W 

=  1.00  in 

B  = 

a  j  =  0.31  8  'em 

w 

=  2.54  'em  B 

M  :=  0  in  Ibf 

Ki 

=  40  ksi  / 

in 

o 

II 

o 

K  j 

=  43.953 

'MPa  J  m 

M  j  :=  root  j 

M 

B  -  K  j 

a  f  :=  root  j ,  M  i  B  ^  a  i") 


fOf 


tf  •= 


Volocity  ,  M  j ,  6 


da 


J°i 


K  IQ  :=  11 5  ksi 
K  IQ  =  1  26.364  'MPa 


M  j  =  5352  'in  lbf 
M  j  =  6166  'em  kgf 

a  J  =  0.475862  -in 
a  J  =  1 .20869  'em 
=  0.00006  'furiong 

tf  =  0.446  'fortnight 
tf  -  149.727  hr 
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